Ag-Cu-Ti system is important for brazing applications and mainly for ceramic joining. 
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Introduction
The Ag-Cu binary consists in a simple eutectic ( [1] modified by [2] and hereby noted as [3] in the following). Ag-Ti is characterized by the existence of two intermetallics with peritectic decomposition (see figure 1 from [4] ) while in the Cu-Ti system 6 intermetallic phases are stable, where only one melts congruently (see figure 2 from [5] ). [5] .
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is the continuous solid solution between the Ti 2 Cu and Ti 2 Ag compounds, the second is the existence of a miscibility gap in the liquid state between a Ag-rich and a Ti-rich liquids.
Since this miscibility gap is not observed in the binary sub-systems, it is assumed to have a closed topology.
Alloys of the Ag-Cu-Ti ternary system are often used for brazing ceramics to metals in the temperature range 800-900
• C [6] . The low liquidus temperature of the Ag-Cu eutectic allows brazing at reasonably low temperatures, while the presence of Ag increases the activity of Ti very noticeably [7] , promoting interfacial reactions with most of ceramic materials [6, 8] . Depending on its activity, Ti can form compounds with a partially metallic character on various ceramic solids thus leading to an improvement of wettability [9, 10] . A thorough knowledge of the Ag-Cu-Ti phase diagram from room temperature up to 900 • C is then required when trying to understand the mechanisms of reactive wetting or to develop high performance metal/ceramic brazed joints, more especially when the metal is a titanium base alloy [11, 12, 13] . Although the Ag-Cu-Ti system has been modelled before [14] , no thermodynamic description has been made available. In this paper, a model for the ternary Ag-Cu-Ti system is proposed and phase diagram and thermochemical calculations are compared with the experimental evidence available.
Experimental data
The only systematic experimental study of this system is due to Eremenko et al. [15, 16, 17] .
The system was later critically reevaluated by Chang et al. [18] and more recently by Kubachewski et al. [19] . Only some formal changes have been made and no new experimental information have been given. One of the main experimental feature reported by Eremenko et al. is the existence of a liquid miscibility gap that divides the liquid into Ag rich and Ti rich solutions. This miscibility gap has been confirmed experimentally by Paulasto et al. [14] .
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No ternary compounds has been found in the Ag-Cu-Ti system. Crystallographic data of the phases of the Ag-Ti and Cu-Ti systems are listed in Table 1 (data from [19] • C according to [16, 19] (see table 2 ).
3 Thermodynamic modelling
Literature survey
In the Ag-Cu-Ti system, reliable descriptions for the Cu-Ti [5] and Ag-Cu [3] binaries are available in the literature and will be used as a starting description in this work. The third Ag-Ti binary had been thermodynamically assessed both by Arroyave [4] and Li et al. [22] and the parameters of the first one are used in the following. Table 1 : Symbols and crystal structures of the stables phases in the ternary Ag-Cu-Ti system (lattice parameters from [19] ).
hal-00623284, version 1 -14 Sep 2011
of the Ag-Cu-Ti ternary systems has been perfomed by Paulasto et al. in 1995 [14] . They proposed some isothermal sections at high temperature and optimised the value of an excess ternary parameter in the liquid phase in order to describe satisfactorily the miscibility gap.
Unfortunately, the whole set of parameters used was not reported. More recently, Arroyave started a new assessment of this ternary system that has been partly reported in its PhD [4] .
Since this period, the work has been further pursued and the whole assessment is detailed in the present paper.
Unary phases
For the thermodynamic functions of the pure elements in their stable and metastable states, the phase stability equations compiled by Dinsdale [23] were used.
The solution phases
The liquid phase and the solid solution phases (fcc,hcp and bcc) were described by the Redlich-Kister substitutional solution model.. The Gibbs energy function of the solution phase Φ (Φ = liquid, bcc, hcp, and fcc) for 1 mole of atoms is described by the following expression:
where elements Ag, Cu and Ti are identified as 1,2,3; n is equal to 3, x hal-00623284, version 1 -14 Sep 2011
In order to describe the existence of a liquid miscibility gap in the central region, a ternary interaction parameter ( Φ L i,j,k in equation 2) was incorporated into the description of the excess Gibbs energy of the liquid phase. For solid solution phases (fcc, hcp, and bcc), the existing descriptions of the binaries are used [3, 5, 4] and no ternary parameter added.
Binary phases extending into the ternary system 3.4.1 Extension of stoichiometric binary compounds into the ternary
In the Cu-Ti binary system, Ti 3 Cu 4 and Ti 2 Cu 3 are essentially stoichiometric and therefore they are modelled as line compounds. In this work, in order to take into account the small, but important Ag solubility detected in those phases [20, 17, 14, 21] , the models are modified by considering the presence of Ag in the Cu rich sublattice, leading to (Ti) p (Cu,Ag) q where p and q are stoichiometric numbers, respectively 3-4 and 2-3 for Ti 3 Cu 4 and Ti 2 Cu 3 . As a consequence the expression of the Gibbs energy function may be written as:
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where A is an optimised parameter. As the Gibbs energies of Ti 2 Cu 3 and Ti 3 Cu 4 in the binary are approximately the same, and because their compositions and decomposition temperatures are also very close in the ternary, the same value of parameter A was assumed for both of them. ex G T ipCuq is the excess Gibbs energy and its composition dependence is assumed to conform with a Redlich-Kister polynomial. Due to the restricted number of experimental data the temperature dependence of the excess Gibbs energy is neglected and only the subregular solution term of the Redlich-Kister serie was used:
Finally, for Ti 3 Cu 4 and Ti 2 Cu 3 the parameters to be optimised are A (eq. 6) and the two Redlich-Kister coefficient a n (eq. 8).
Eremenko et al. [17] concluded that the Ti 2 Cu and Ti 2 Ag phases are iso-structural with a complete solid solubility between the two phases. Therefore, these two phases are modeled as a single phase by using the sublattice formalism (Ti) 2 (Cu,Ag) 1 [24] , allowing random mixing of Cu and Ag in the second sublattice. The derived expressions of the Gibbs energy functions are similar to those obtained for Ti 3 Cu 4 and Ti 2 Cu 3 and detailed above (see eqns.
5 and 6).
Extension of non-stoichiometric binary compounds in the ternary
In the Cu-Ti binary system, TiCu 4 are iso-structural [17] and TiAg is also non stoichiometric with an homogeneity range of about 2 at.% Ti. Therefore, they are described as a single phase using the model proposed by Hari Kumar et al. [5] allowing for mixing of all three atoms in the two sublattices:
(Cu,Ag,Ti) 1 (Cu,Ag,Ti) 1 . Therefore the Gibbs energies for this phase can be represented by:
where the parameters
Cu,Ag:i are the parameters to be optimised, the other ones coming either from [5] for the TiCu phase or from [4] for the TiAg phase.
Concerning the last TiCu 4 compound, the existing description assumed the existence of defects on both sublattices that are anti-structure atoms represented by the sublattice notation (Ti%,Cu) 1 :(Cu%,Ti) p [5] . Introduction of Ag in this compound can lead to a dramatic increase of the number of interaction parameters between the elements in each sublattice. However, the only available experimental data that can be used during the optimisation to refine these parameters is the value of Ag solubility. It is thus important to restrict the number of adjustable parameters. For that purpose, in the present work it was firstly assumed Ag is present only in the second sublattice, where Cu is the major component leading to (Ti%,Cu) 1 :(Cu%,Ag,Ti) 4 in sublattice notation. Assuming that the interaction
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between constituents in different sublattice are independent, the Gibbs energy of this phase is expressed as in Eq. 10:
where the parameters given by: 
Optimisation procedure
Optimisation was performed using the PARROT module of the Thermo-Calc software [25] , that uses weighted experimental data as input. For this optimisation, the different sets of phases were optimised in different stages. For the Ti 2 M phase, a positive zeroth-order interaction parameter was used to allow the phase to become less stable at the central regions of the Ti 2 Ag-Ti 2 Cu iso-compositional line in order to avoid making the phase undesirably hal-00623284, version 1 -14 Sep 2011 T i:Cu,Ag parameter is described by the zeroth-and first order interaction coefficients. All these parameters were optimised during a first step by using the phase equilibria, invariant reaction [15, 16, 14] and activity values [7] at high temperature (above 900
Next, the invariant reactions at lower temperature (see table 2 ) and Ag solubilities in Ti-Cu compounds were used to optimised the remaining parameters of the Ti 3 Cu 4 , Ti 2 Cu 3
and TiCu 4 phases (about 1.5 at.% at 790
• C -see section 2). To perform this optimisation step, it was necessary to reduce the number of independent model parameters by introducing certain assumptions. For the lattice stabilities corresponding to hypothetical compounds like Ti p Ag q and TiAg 4 or CuAg 4 , the parameters A and B in Eqns. 6 and 12 were arbitrarily assumed to be +5000 J.mol −1 . For the same reasons, the following simplifications were introduced in the description of TiCu 4 :
Finally, three regular-solution interaction parameters were optimised in this second step:
At the end of optimisation, rounding off of the optimised coefficients was done according to the procedure described in [26] . • C. Experimental data after [14] . hal-00623284, version 1 -14 Sep 2011 the composition of TiM and Ti 2 M phases involved in the three phase equilibrium with the Ag-rich liquid are well-reproduced. Composition of the liquid is given by Paulasto et al. [14] as being the composition of the Ag solid solution after solidification. However, the fine precipitation of Ti-Cu intermetallics during cooling leads to an underestimation of the Ti content in the liquid that could explain the discrepancy observed in figure 4 . The direction of the tie-lines indicating regions across the miscibility gap at thermochemical equilibrium also correspond to reported experimental results [17] .
The consistency between experimental and calculated invariant equilibria constitutes a good indicator of the validity of the thermodynamic descriptions used. Table 2 presents a comparison between the calculated and experimental invariant points (from [19] ), including reaction temperatures (see also figure 5 for partial vertical section focused on the temperature range interesting for brazing). The agreement is fairly good on the whole temperature range and mainly at high temperature, although the discrepancy increases at lower temperature. The biggest discrepancy between experiments and calculations is the nature of the invariant reaction involving Ti 2 Cu, TiCu and the liquid phase. Eremenko proposed a eutectic reaction whereas this reaction has a transition type character (L 3 +L 4 − − − − Ti 2 Cu+TiCu) in our assessment. This is a direct consequence of the stabilization of TiCu by addition of Ag.
In brazing of ceramics to metals, the chemical activity of Ti in the liquid braze is perhaps the most important factor when trying to predict the reaction products formed at the ceramic/metal interface. Thus, a reasonable calculation of the chemical activity of Ti in liquid Ag-Cu-Ti melts is desired. Figure 6 shows the comparison between experimental values (EMF measurement from [7] ) and calculated Ti chemical activities in eutectic Ag-Cu melts.
The agreement can be considered as being satisfactory. It is important to note, however, that the calculated values are higher than the experimental ones. This implies a higher calculated positive deviation from ideality than experimentally observed. It should be noted that Rongti et al. [27] reported activity values that are 1 or 2 order of magnitude lower.
This major discrepancy between two experimental studies, that highlights the difficulty of • C. The experimental data points are taken from [7] 5.2 Calculations with the assessed thermodynamic model The projection on the Gibbs triangle of the monovariant lines is presented in figure 8 . Some discrepancies exist with the projection reported by Eremenko et al. [15] : the most important is the extension of the liquid miscibility gap at low temperature. The calculated value is about 838
• C against 850
• C. The difference is small but has important consequences as the calculated miscibility gap intercepts more monovariant lines descending from the invariant points in the Cu-Ti binary to the Ag-Cu eutectic, leading to the appearance of two new invariant reactions that are not reported in the reaction scheme suggested by Eremenko et al. [15] . hal-00623284, version 1 -14 Sep 2011 [20] . Next, during the temperature rise toward 850
Some consequences on brazing processes
• C, dissolution of Ti in the AgCu melt proceeds across the Ti x Cu y intermetallic compounds that formed by solid state diffusion between TiCu 4 and Ti [21] . The kinetics of enrichment in Ti of the liquid phase is limited by the dissolution rate of Ti x Cu y and in particular TiCu 4 . As a consequence, the Ti amount available in the liquid state is strongly dependent on the way Ti is brought to the brazing filler (thickness and size are not the same for colaminated sheets, powder embedded in a paste, screen printing of a Ti paste, etc.) and on the temperature used for the isothermal step of the brazing process. For example, the results of Kozlova et al. at 840
• C, [29] show that the dissolution of 1-20 µm Ti particles is not complete after 15 min of contact (presence of Ti 3 Cu 4 phase embedded in big round TiCu 4 particles formed during heating and isothermal treatment). At the opposite, Shiue et al. [30] observed complete dissolution after only 180 s of a few micrometers thick Ti foil at 900
• C, a temperature higher than the decomposition temperature of TiCu 4 . Figure 9 and 10 presents the isothermal sections with the respective plots of the Ti activity (reference state is hcp-Ti) at 800 and 850
• C respectively which are data valuable for direct use during active brazing process (u Ag =
x Ag x Ag +x Cu ). It appears that the Ti activity of a liquid in equilibrium with TiCu 4 is about 0.18 in the 800-850
• C temperature range.
This activity is particularly important for reactive brazing of ceramic materials because the nature of the reaction product that is formed at the liquid/solid interface is determined by this value [9, 29, 31] . Fortunately, the Ti activity varies hardly with the nominal Ti amount 
• G CuTi 2 (Ag,Cu) 1 (Ti) 2
• G Calculated and experimental chemical activity of Ti in the eutectic melt AgCu at 1000
• C. The experimental data points are taken from [7] . . . . . . . 18 7 Isothermal section at 850
• C of the ternary Ag-Cu-Ti system calculated according to the present assessment (parameters given in appendix). . . . . . . 19 8 Calculated projection of the monovariant lines of the Ag-Cu-Ti system according to the present description. 
